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A .  In t roduct ion  and Object ive 
Quan t i t a t ive  a n a l y s i s  by rocket-  and s a t e l l i t e - b o r n e  mass spec- 
t rometers  of t h e  atomic oxygen dens i ty  i n  t h e  e a r t h ' s  upper atmosphere 
i s  made d i f f i c u l t  by t h e  r e a c t i v e  cha rac t e r  of the  oxygen atoms. These 
spec ie s  can i n t e r a c t  w i t h  s o l i d  su r faces  by adsorp t ion ,  by formation of 
oxides,  and by c a t a l y t i c  production of molecular oxygen. Hence, t h e  
oxygen atom concent ra t ion  as  seen by a mass spectrometer may be substan- 
t i a l l y  d i f f e r e n t  from i t s  r e a l  va lue  i n  t h e  environment because of atom 
removal on t h e  su r faces  of t h e  instrument .  The ob jec t ive  of t h i s  pro- 
j ec t  i s  t o  e l u c i d a t e  t h e  k i n e t i c s  and mechanisms of i n t e r a c t i o n  of oxy- 
gen atoms with s o l i d  su r faces  of engineering i n t e r e s t  under condi t ions  
s imilar  t o  those  encountered i n  t h e  upper atmosphere. Such information 
w i l l  con t r ibu te  t o  t h e  q u a n t i t a t i v e  i n t e r p r e t a t i o n  of atomic oxygen 
composition data repor ted  by m a s s  spectrometers  i n  f l i g h t .  
Our experimental  approach employs a r eac t ion  vesse l  i n  which t h e  
t o t a l  gas  pressure  and t h e  en te r ing  f l u x  of oxygen atoms are held con- 
s t a n t .  The ra te  of i n t e r a c t i o n  of oxygen atoms with a metal su r face  i s  
evaluated by observing t h e  diminution i n  atom f l u x  a t  t h e  o u t l e t  of the 
vesse l  when a specimen of t h e  material of i n t e r e s t  i s  in se r t ed  i n t o  t h e  
r e a c t o r .  Resul t s  obtained with go ld - fo i l  and s i l v e r - f o i l  specimens were 
descr ibed and discussed i n  Q u a r t e r l y  S t a t u s  Reports No. 6 (December 1, 
1968) and No. 7 (March 1, 1969),  r e spec t ive ly .  The b a s i s  of a r e f ined  
ana lys i s  of t h e  experiments t oge the r  w i t h  experimental  r e s u l t s  obtained 
w i t h  a t i t an ium specimen w e r e  descr ibed i n  Q u a r t e r l y  S t a t u s  Report No. 8 
(June 1, 1969) .  
B .  Experiments 
1. Computations w i t h  Analy t ica l  Model 
A program has  been w r i t t e n  i n  FORTRAN I V  f o r  the  numerical solu- 
t i o n  of t h e  i n t e g r a l  equat ions descr ibed i n  Q u a r t e r l y  S t a t u s  Report No. 
8 .  W e  approximated t h e  i n t e g r a l s  by f i n i t e  sums obtained by assuming 
t h a t  t h e  in tegrands  are constant  over s m a l l  r i ng  or ,band  segments of t h e  
w a l l s .  Those sums c o n s i s t  of t h e  va lues  of t h e  f l u x  on each i n t e r v a l  
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mul t ip l i ed  by cons tan ts  t h a t  inc lude  t h e  coupling c o e f f i c i e n t s  and ab- 
sorp t ion  c o e f f i c i e n t s  of the var ious  segments. 
A Gaussian e l imina t ion  procedure i s  used t o  so lve  t h e  equiva len t  
set of l i n e a r  a lgeb ra i c  equat ions.  An ind ica t ion  of t h e  accuracy of 
t h i s  method i s  given by a mass balance,  which accounts f o r  t h e  t o t a l  
f l u x  of p a r t i c l e s  e n t e r i n g  t h e  chamber. 
t i c l e s  t h a t  leave through t h e  e x i t ,  those  tha t  are l o s t  by wa l l  i n t e r -  
a c t i o n ,  and those  t h a t  bounce back through t h e  en t rance .  The number of 
i n t e r v a l s  i n  successive computations i s  doubled u n t i l  t h e  mass balance 
agrees  wi th in  two percent  with the t o t a l  i n l e t  f l u x .  I t  i s  assumed t h a t  
the e r r o r  i n  t he  f l u x  d i s t r i b u t i o n  and, i n  p a r t i c u l a r ,  t h e  o u t l e t  f l u x  
i s  no g r e a t e r  than t h e  e r r o r  i n  the  mass balance.  
This  ba lance’ inc ludes  the par- 
Figure 1 shows curves of t he  f l u x  d i s t r i b u t i o n  on t h e  wa l l s  of 
a r e a c t o r  with spec i f i ed  r e l a t i v e  dimensions. Commencing from the i n l e t  
end f o r  ha l f  t h e  r e a c t o r  length ,  t h e  w a l l s  e x h i b i t  zero  absorp t ion  e f f i -  
ciency f o r  c o l l i d i n g  gaseous spec ie s .  The remaining ha l f  of the cy l inde r  
w a l l  area up t o  t he  e x i t  end possesses  an absorp t ion  c o e f f i c i e n t ,  CY 
of spec i f i ed  value.  That quan t i ty  i s  t h e  parameter of t h e  family of 
curves shown i n  F ig .  1. 
band ’ 
The r e l a t i v e  f l u x  a t  t h e  o u t l e t  of t h i s  r eac to r  f o r  a f i x e d  geo- 
metry i s  p l o t t e d  as  a func t ion  of a/ i n  F ig .  2 .  This  o u t l e t  f l u x  i s  band 
presented i n  a dimensionless form w i t h  t he  case of CY = 0 as  r e fe rence ,  
corresponding t o  the experimental  re fe rence  case of t h e  r e a c t o r  without 
a specimen. 
band 
Calcula t ions  have been c a r r i e d  out  s a t i s f a c t o r i l y  f o r  “squarish” 
geometries where t h e  diameter and l eng th  of the chamber are comparable. 
However, when t h e  chamber i s  r e l a t i v e l y  long with s m a l l  i n l e t  and o u t l e t  
p o r t s ,  then a l a r g e  number of i n t e r v a l s  must be used i n  order  t o  provide 
a good approximation of t h e  i n t e g r a l s .  When the  number of i n t e r v a l s  be- 
comes very l a r g e ,  the t i m e  required t o  so lve  the  system of equat ions in-  
creases r ap id ly .  
U s e  of Simpson i n t e g r a t i o n  schemes i s  be ing , s tud ied  wi th  t h e  ex- 
pec ta t ion  t h a t  t h i s  w i l l  l ead  t o  s a t i s f a c t o r y  so lu t ion  of t h e  more s lender  
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geometries,  which are  of immediate p r a c t i c a l  i n t e r e s t .  
T h i s  a n a l y t i c a l  model, f o r  a x i a l l y  symmetric chambers, w i l l  
probably a l s o  provide a good approximation for t h e  OGO-F sa t e l l i t e  mass 
spectrometer antechamber, which has a s m a l l  o u t l e t  p o r t  on the  c y l i n d r i -  
ca l  w a l l .  Since t h i s  o u t l e t  p o r t  is  s m a l l  i n  comparison wi th  t h e  chamber 
diameter,  i t  should introduce a n e g l i g i b l y  s m a l l  pe r tu rba t ion  i n  t h e  
f l u x  d i s t r i b u t i o n .  That i s ,  even though t h e  p a r t i c l e s  reaching t h i s  
o u t l e t  area do not bounce back i n t o  t h e  chamber, t h e r e  are r e l a t i v e l y  
few of them compared t o  t h e  number s t r i k i n g  the  nearby wal l s .  Conse- 
quent ly ,  the  f l u x  d i s t r i b u t i o n  can be ca l cu la t ed  as  i f  t h e r e  were no 
o u t l e t ,  and t h e  corresponding f l u x  s t r i k i n g  t h e  p o r t  area w i l l  g ive  a 
good approximation t o  t he  e x i t  flow. 
2 .  Measurements with E lec t rop la t ed  Gold Specimen 
To produce an analog of t h e  antechamber su r face  i n  t h e  OGO-F 
f l i g h t  mass spectrometer,  an e l e c t r o p l a t e d  gold specimen w a s  prepared. 
Gold w a s  deposi ted from a cyanide bath on a nickel-f lashed shee t  of 
copper f o i l  by conventional e l e c t r o p l a t i n g  techniques.  The back s i d e  of 
t h e  copper f o i l  w a s  masked with an a c r y l i c  f i l m  during t h e  p l a t i n g  opera- 
t i o n  and w a s  subsequently anodized i n  a l k a l i  s o l u t i o n  t o  a black c o l o r .  
T h i s  specimen, r o l l e d  i n t o  a c y l i n d r i c a l  configurat ion with t h e  gold on 
t h e  i n s i d e  and t h e  black oxide on t h e  ou t s ide ,  w a s  i n s e r t e d  i n t o  t h e  
r eac to r  so t h a t  i t  covered t h e  w a l l  f o r  a d i s t a n c e  of one-fourth t h e  
r e a c t o r  length adjacent  t o  t h e  o u t l e t  end of t he  r e a c t o r .  The exposed 
su r face  of gold had a geometric area of 23 c m 2 .  I t  could be heated t o  
a s t eady- s t a t e  temperature of about 200°C by i r r a d i a t i n g  t h e  black ou te r  
side of t h e  specimen with an i n f r a r e d  hea t  lamp. 
W e  had e s t a b l i s h e d ,  i n  ea r l i e r  experiments' wi th  s i l v e r  f o i l ,  
t h a t  a specimen i n  t h i s  p o s i t i o n  w a s  equivalent  t o  a suspended ribbon 
specimen of i d e n t i c a l  area with r e spec t  t o  atom l o s s  dynamics. A l l  
o the r  c h a r a c t e r i s t i c s  of t h e  apparatus  were unchanged; hence w e  could 
d i r e c t l y  compare t h e  c a t a l y t i c  a c t i v i t y  of t h e  e l e c t r o p l a t e d  gold with 
t h a t  observed i n  e a r l i e r  experiments2 using a go ld - fo i l  ribbon specimen. 
The r e s u l t s  shown i n  Table 1 demonstrate tha t  both s u r f a c e s  have 
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i d e n t i c a l  a c t i v i t y  f o r  removal of oxygen atoms a t  25'C. 
when t h e  e l e c t r o p l a t e d  specimen w a s  heated t o  -200°C, t h e  surv iv ing  
oxygen atom f l u x  c h a r a c t e r i s t i c  of t h e  empty r e a c t o r  was observed. This  
In  a d d i t i o n ,  
i s  similar t o  t h e  
heated.  
C .  Discussion 
I n  not ing 
gold i s  i d e n t i c a l  
the  detailed r a t e  
behavior observed when the f o i l  ribbon specimen was 
t h a t  t h e  oxygen atom l o s s  a c t i v i t y  of e l e c t r o p l a t e d  
t o  t h a t  of gold f o i l ,  i t  i s  of i n t e r e s t  t o  reexamine 
d a t a  obtained i n  our e a r l i e r  measurements3 (Table 2 ) .  
Since w e  a r e  not  y e t  prepared t o  app ly 'ou r  t h e o r e t i c a l  a n a l y s i s  t o  t h e  
r e a c t o r  dimensions employed i n  these  experiments,  w e  s h a l l  assume t h a t  
t h e  e n t i r e  specimen is  exposed t o  a uniform f l u x  of atoms dur ing  
s t eady- s t a t e  condi t ions  i n  the  r e a c t o r .  On t h e  b a s i s  of t h i s  assump- 
t i o n ,  t h e  f r a c t i o n a l  surv iv ing  f l u x  of oxygen atoms a t  t h e  r e a c t o r  out-  
l e t  Qo/Qz i s ,  t o  a f i r s t  approximation, a measure of t h e  f r a c t i o n  of 
i nc iden t  atoms t h a t  a r e  l o s t  from t h e  gas  phase a t  t h e  specimen su r face .  
(Qo r ep resen t s  t h e  mass flow rate of atoms from t h e  r eac to r  conta in ing  
a specimen; Qo+G denotes  t h a t  from t h e  empty r e a c t o r  under otherwise 
i d e n t i c a l  cond i t ions . )  
F lash  f i lament  experiments have ind ica t ed  t h a t  oxygen-covered 
gold e x h i b i t s  a r e l a t i v e l y  low adatom-adatom (Langmuir-Hinshelwood) re- 
combination r a t e ,  and t h a t  t h e r e  i s  no ne t  s t eady- s t a t e  occ lus ion  or 
chemical r eac t ion  of oxygen atoms on the  go ld - fo i l  su r f ace  (Table 2 ) .  
W e  conclude, t h e r e f o r e ,  t h a t  t h e  s u b s t a n t i a l  atom removal c a p a b i l i t y  
ind ica ted  by the observed f r a c t i o n a l  surv iv ing  f l u x ,  Q ~ / Q ~  = 0 . 2 ,  
occurs by way of an Eley-Rideal recombination pa th .  The f a c t  t h a t  
Q o / Q 2  i s  cons tan t  with r e spec t  t o  inc iden t  atom f l u x  (Table 2 )  shows 
t h i s  removal rate t o  be f irst  order  i n  gaseous oxygen atoms, as must be 
t h e  case  f o r  an Eley-Rideal mechanism. The s l i g h t l y  h igher  oxygen mole- 
c u l e  f l u x  observed when a gold specimen i s  placed i n  the  r e a c t o r  (Table 
1) lends f u r t h e r  support  t o  t h i s  i n t e r p r e t a t i o n .  
By way of c o n t r a s t ,  s i l v e r  occludes (or reacts with)  oxygen 
atoms a t  a constant  r a t e  near ly  fou r  t i m e s  g r e a t e r  than t h a t  f o r  adatom- 
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adatom(Langmuir-Hinshelwood) recombination. Nevertheless ,  s i l v e r  re- 
moves atoms from the gas  phase much less e f f i c i e n t l y  than a gold speci: 
men of comparable s i z e .  The numerical values  of t h e  measured rates, 
considered toge ther  with t h e  value of surv iv ing  atom f l u x  r a t i o  Q /Q 
(Table 2), l ead  u s  t o  conclude t h a t  t h e  r a t e  of recombination by way of 
an Eley-Rideal path i s  n e g l i g i b l y  smal l ,  and t h a t  occlusion/chemical 
r eac t ion  i s  t h e  major mode f o r  gaseous atom loss on s i l v e r .  
0 0  
T h e s e . r e s u l t s  suggest t h a t  t h e  surface-oxygen bond i s  consider-  
ab ly  weaker i n  t h e  case  of s i l v e r  than i n  gold .  The s t ronge r  binding 
energy permi ts  a h igher  s t eady- s t a t e  populat ion dens i ty  of sorbed atoms, 
t hus  ensuring a high p r o b a b i l i t y  for gas-atom-adatom c o l l i s i o n .  On s i l -  
ver  t h e  sorbed atoms a r e  more spa r se  and h ighly  mobile,  so t h a t  a neg l i -  
g ib ly  low f r a c t i o n  of t h e  inc iden t  atoms encounters  adatoms. 
Clean, vacuum-annealed t i t an ium removes atomic oxygen wi th  high 
e f f i c i e n c y  (Table 2 ) .  
i ng ,  w e  conclude t h a t  t h i s  metal  d i s s o l v e s  or r e a c t s  i r r e v e r s i b l y  with 
a l l  i nc iden t  oxygen atoms. The formation of an oxide f'ilm m i t i g a t e s  t h e  
oxygen l o s s  c a p a b i l i t y  of t h e  metal specimen, but s t i l l  no su r face  
sorbed oxygen can be recovered. I t  i s  impossible t o  d i s t i n g u i s h  i n  t h i s  
case  whether t h e  removal occurs  by way of recombination or by occlusion/  
chemical r e a c t i o n .  
Since no su r face  oxygen can be recovered by f l a s h -  
D .  P r a c t i c a l  Conclusions 
1. The s teady ,  high r a t i o  of mass 32/mass 16 being reported by t h e  
060-F mass spectrometer  a t  per igee4  i n d i c a t e s  t h a t  atom removal by re -  
combination i s  a most s i g n i f i c a n t  process  i n  t h e  f l i g h t  ins t rument ' s  
antechamber. This  observat ion i s  i n  conformity wi th  the  behavior of 
gold p red ic t ed  by our  experimental  r e s u l t s .  A p r e c i s e  co r rec t ion  f o r  
t h i s  atom removal term would make poss ib l e  an abso lu te  eva lua t ion  of 
t h e  oxygen atom p a r t i c l e  dens i ty  be ing  sampled by t h i s  device .  Such a 
co r rec t ion  should be p o s s i b l e  using a value f o r  t h e  recombination coef- 
f i c i e n t  der ived from the  r a t e  d a t a  i n  our a n a l y t i c a l  model, app ropr i a t e ly  
scaled t o  t h e  dimensions of t h e  060-F mass spectrometer  antechamber. 
2 .  It may be p o s s i b l e ,  and p r o f i t a b l e ,  t o  cons ider  s i m i l a r  cor rec-  
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t i o n s  f o r  t h e  oxygen atom da ta  obtained from the  Explorer  XXXII s a t e l l i t e .  
We a r e  not  f a m i l i a r  w i th  the p r e c i s e  geometry of t h i s  f l i g h t  mass spec- 
t rometer ,  but  w e  f e e l  t h a t  t h e  p o s s i b i l i t y  should be examined. 
E .  Future  Work 
Our immediate p l ans  a r e :  (1) t o  complete development of t h e  
a n a l y t i c a l  model and apply i t  t o  our accumulated d a t a ;  (2) t o  i n v e s t i -  
g a t e  t h e  e f f e c t  of added gases ,  s p e c i f i c a l l y  n i t rogen  and hydrogen, i n  
the  atomic oxygen-gold system; (3)  t o  eva lua te  t h e  behavior of a s t a i n -  
less steel specimen i n  contac t  wi th  gaseous oxygen atoms; and (4)  t o  
probe t h e  p o s s i b i l i t y  of pas s iva t ing  c a t a l y t i c a l l y  a c t i v e  metals with 
s i l i c o n  monoxide. 
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Table 1 
MASS FLOW RATE Q OF OXYGEN SPECIES THROUGH REACTOR OUTIJ3T 
Empty r e a c t o r  
23 om2 go ld - fo i l  r ibbon 
23 om2 e l e c t r o p l a t e d  gold f i l m  
2 .4  x 10'~ 
2.4 x 10-~  
= 4 x 10'~ torr; ' i n le t  I n l e t  flow condi t ions  f ixed :  
= 2125'K; average p res su res  i n  r e a c t o r :  Ttungsten 
P M 3 x t o r r ,  1 . 8  x io-' t o r r ;  specimen 
T = 300'K. 
0 2  
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ABSORPTION CY = 1 
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FIGURE 1 INTENSITY OF INCIDENT FLUX ON WALLS. The coefficient of absorption, a, 
is zero except on the lower half of the cylindrical surface where 'YBAND = 0, 0.7. 
0.3, 0.5. 
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FIGURE 2 DIMENSIONLESS TOTAL EXIT FLUX (REFERRED TO CASE 
Geometry is that OF (YBAND = 0) AS FUNCTION OF %AND, 
depicted in Figure 1. 
